INTRODUCTION
cosmetic products are formaldehyde-releasers and among them, imidazolidinyl urea is the most widely used (de Groot and Veenstra, 2010) . Diazolidinyl urea is used between 5-8% of total cosmetic products in the USA and Europe but has shown 3.5% dermal irritation rate (Pratt et al., 2004) . When diazolidinyl urea is hydrolyzed, formaldehyde (FA) is released, which could cause irritation.
In a human patch test, 2% and 0.3% concentrations of diazolidinyl urea-induced skin sensitization supporting its potential toxic effects (Jordan, 1984) . Meanwhile, benzalkonium chloride showed some ocular toxicity and irritation properties with a possibility of penetration and accumulation in deep ocular structures (Baudouin et al., 2010; Desbenoit et al., 2013; Rosin and Bell, 2013) . When applied to the skin from 2.5% to 10% concentrations for 24 h, benzalkonium chloride induced skin irritations to 50% of dermatitis patients in the 2.5%-concentration group and caused primary irritant dermatitis of all patients in the 10%-concentration group (Liebert, 1989) . In another study, application of 0.02% benzalkonium chloride to the eyes of 51 human volunteers induced a slight hyperemia conjunctivae in only one person. On the other hand, a standardized patch test containing 0.1% benzalkonium chloride induced sensitization to 66 out of 2,806 eczema patients (Camarasa, 1979) . Moreover, 9 out of 142 patients with chronic external otitis had developed contact allergies to 0.1% of benzalkonium chloride (Fräki et al., 1985) .
Chronic exposure to benzalkonium chloride has deleterious effects via oxidative stress, leading to cholinergic neurotoxicity (Antunes et al., 2016) . Benzalkonium chloride caused a doserelated significant reduction in neurites in corneal nerves both in vivo and in vitro (Sarkar et al., 2012) . Additionally, the toxic effects of these materials were reported in in vitro studies as well. Cell exposure to 0.5 and 1 mg/ml benzalkonium chloride induced cell lysis immediately after treatment. Furthermore, the cells treated with 0.1 mg/ml benzalkonium chloride died with most of the characteristics of apoptosis (De Saint Jean et al., 1999) . Meanwhile, diazolidinyl urea has cytotoxic effects in salmonella strains at 2.5-50 μmol/L concentrations (Pfuhler and Wolf, 2002) . Such is the treatment of imidazolidinyl urea in skin human fibroblast cells, which induced an accelerated inflammation and loss of cell viability in a concentration-dependent manner . All these studies suggest the risk of potential toxicity in those preservatives, prompting the need for further evaluation.
Despite some levels of evidence on their potential toxicity to animals and humans, the three preservatives of interests are still widely used in cosmetics. Interestingly, the FDA banned benzalkonium chloride in antibacterial soaps due to lack of evidence for its safety and efficacy (Food and Drug Adminnistration, 2016) . Accordingly, this matter of concern is not only confined to benzalkonium chloride but also to all other formaldehyde releasers. The data found in the literature for these substances are insufficient to ensure their safety, and most of these data are only about skin sensitization and irritation. Examining the possible toxicity properties of these products in internal tissues and cells, especially the brain, is of great value and interest. We conducted this study to elucidate the effects of these three preservatives in neural progenitor cells (NPCs) using in vitro system. We focused our investigation on cell viability, expression of apoptotic markers, and production of reactive oxygen species in NPCs after treatment with the three preservatives.
MATERIALS AND METHODS

Materials
The materials used in this study were obtained from the following: Dulbecco's modified Eagle medium (DMEM)/F12, Penicillin-Streptomycin (P/S), 0.25% trypsin-EDTA from Gibco BRL (Grand Island, NY, USA); B-27 supplement, FGF, and Dimethyl sulfoxide (DMSO) from Invitrogen (Carlsbad, CA, USA); EGF from Sigma-Aldrich Co (St. Louis, MO, USA); Tween ® 20 and ECL TM Western blotting detection reagent from Amersham Life Science (Arlington Heights, IL, USA); benzalkonium chloride (≥95%), diazolidinyl urea ≥95%), and imidazolidinyl urea (<=100%) from Sigma (St. Louis, MO, USA); BAX from BD Biosciences (BD Biosciences, USA); Bcl-2 from Santa Cruz (CA, USA); anti-β-actin from Sigma; cleaved caspase-3 from Cell Signaling (Boston, MA, USA).
Neural progenitor cells (NPCs) culture
All animal experimental procedures were carried out using protocols permitted by the Institutional Animal Care and Use Committee (IAC UC) of Konkuk University (KU17105). Pregnant Sprague-Dawley (SD) rats at embryonic day 14 were purchased from Orient Bio Inc. (Gyeonggi, Korea), and neural stem cells were extracted and cultured on the same day from embryonic brains as described previously (Park et al., 2016) . Briefly, cortices were dissected and suspended in single cells by mechanical trituration. Cultured cells were maintained in DMEM/F12 with 100 U/ml of penicillin, 100 mg/ml of streptomycin, B27 serum-free supplement and growth factor (10 ng/ml FGF and 20 ng/ml EGF) in a 5% CO2 incubator. EGF and FGF were administered to culture cells daily (Park et al., 2016) . When cells begin to form floating neurospheres, they were dissociated into single cells using 0.1% trypsin with ethylene diamine tetraacetic acid (EDTA) and were sub-cultured by replacing in the 24-well or 6-well plates.
Drug treatment
Benzalkonium chloride was treated with cultured neural progenitor cells at 1, 10, 100 and 1000 nM concentrations (De Saint Jean et al., 1999) . Diazolidinyl urea and imidazolidinyl urea were treated at 1, 10, 30 and 50 μM concentrations (Pfuhler and Wolf, 2002; An et al., 2012) . Preservatives were applied at different exposure times. In the case of MTT assay, preservatives were treated 1, 3, 6, 12 and 24 h to determine time-dependent effects. Western blot experiments were measured at 24 h, and the determination of reactive oxygen species (ROS) was measured at 6 h. Cells were exposed for PI staining.
Measurement of cell viability
MTT (3-(4,5-dimethylthiazol-2yl)-2, 5-diphenyltrtrazolium bromide) assay depends on a reductive coloring reagent to estimate cell viability and cytotoxicity in a colorimetric method. Neural stem cells were cultured and stabilized for 3 h in an incubator. The cells were treated with benzalkonium chloride (at 1, 10, 100 and 1000 nM concentrations), diazolidinyl urea and imidazolidinyl urea (at 1, 10, 30 and 50 μM concentrations). The treated cells were incubated for different time periods (1, 3, 6, 12 , and 24 h). MTT reagent was added to the culture medium to be incubated for an hour without light. Then, the culture medium was replaced with DMSO and the absorbance was analyzed by ELISA reader at 570 nm.
Time-lapse imaging of cytotoxicity
Live-cell imaging of cytotoxicity was detected by IncuCyte live-cell analysis system (Essen Bioscience, Ann Arbor, MI, USA). Neural stem cells were treated with benzalkonium chloride (1000 nM), diazolidinyl urea and imidazolidinyl urea Biomol Ther 26(6), 608-615 (2018) (50 μM) and then IncuCyte Cytotox reagent (250 nM, Essen Bioscience) is diluted in the medium. This reagent is a highly sensitive cyanine nucleic acid dye for validating long-term and real-time assessment of in vitro cytotoxicity in the IncuCyte ® ZOOM Live-Cell Imaging System (ESSEN Bioscience). This reagent exhibits an increase in fluorescence of 100-1000-fold upon binding to genomic deoxyribonucleic acid (DNA), allowing the cell membrane integrity to be measured kinetically. Phase contrast and red fluorescence images were captured every 2 h until 24 h. Cytotoxicity of cosmetic preservatives was analyzed by counting red fluorescent time-lapse images (1/ mm 2 ).
Propidium iodide (PI) staining
Propidium iodide (PI) staining was performed to assess death of neural stem cells treated with benzalkonium chloride (at 1, 10, 100 and 1000 nM concentrations), diazolidinyl urea and imidazolidinyl urea (at 1, 10, 30 and 50 μM concentrations). Neural stem cells were cultured on cover glass coated with poly-L-ornithine hydrobromide. They were then fixed with 4% paraformaldehyde (PFA) and stained with PI (1: 1,000 diluted in DPBS) and DAPI (1:1,000 diluted in DPBS) at room temperature for 15 min, which was also washed and mounted using GEL/MOUNTTM (Bio Neda, CA, USA). Cell images were determined by fluorescence microscope (IRIS Digital Cell Imaging System, Logos Biosystems, MD, USA).
Determination of ROS
The level of ROS in a cell was detected using a cell permanent reagent 2',7'-dichlorodihydrofluorescein diacetate (H2DCF-DA). This reagent diffuses into the cell, which goes through deacetylation and oxidization by cellular enzymes into 2',7'-dichlorofluorescein (DCF). After treatment of each agent, cells were washed with DPBS and 50 μM H2DCF-DA was added before incubation for 20 min in the dark. The samples were washed with DPBS and the cell images were taken by fluorescence microscope (IRIS Digital Cell Imaging System, Logos Biosystems).
Western blot analysis
Cells were harvested and suspended with a Radioimmunoprecipitation assay (RIPA) buffer containing 150 mM sodium chloride, 1% Triton X-100, 1% (w/v) sodium deoxycholate, 0.1% (w/v) SDS, 50 mM Tris-HCl, and 2 mM EDTA. Proteins were quantified by BCA assay to make equal amounts of protein per sample. Proteins were boiled for 5 min at 105°C. Equalized protein samples were run in SDS-polyacrylamide gel electrophoresis (SDS-PAGE) to proteins according to their molecular weights. Separated proteins were transferred to nitrocellulose membranes for 90 min. All blots were blocked with polyvinyl alcohol (PVA) at room temperature for 5 min. After 3 times of washing the blots with Tris-buffered saline and 0.1% Tween 20 (TBS-T), they were incubated overnight with primary antibodies (β-actin, 1/40,000; BCl-2, 1/2,000; Bax, 1/2,000; cleaved caspase-3, 1/2,000) in TBS-T at 4°C. The next day, blots were incubated with horseradish peroxidase-conjugated secondary antibodies at room temperature for 60 min. Bands were detected and quantified by chemiluminescence detection system (Amersham Biosciences, Piscataway, NJ, USA). β-actin was used as the loading control.
Statistical analysis
Experimental results were expressed as the mean ± SEM. Statistical comparisons were performed by one-way ANOVA followed by Newman-Keuls test using GraphPad Prism Version 5 software (CA, USA), and a value of p<0.05 was considered significant.
RESULTS
Cell viability was decreased in preservatives-treated rat cultured NPCs
In the previous study, we found that triclosan, a commonly used preservative in cosmetics, showed the stimulatory effect on NPCs proliferation at low concentration but a negative effect on cell viability at high concentration (Park et al., 2016) . In this study, we checked more carefully the effects of three currently studied preservatives on NPCs viability. We performed MTT assay and checked for time-and/or dose-dependent effects. Indeed, we found that benzalkonium chloride, diazolidinyl urea, and imidazolidinyl urea reduced the NPCs viability in , and imidazolinidyl urea (50 μM) for 24 h. Images were captured every 2 hours using IncuCyte live-cell analysis system. Red fluorescent objects were counted for quntification (1/mm2). Values are expressed as the mean ± SEM (N=4). *p<0.05, **p<0.01, *** ,$$$,### p<0.001 vs. vehicle. Scale bar=100 μm.
both time-and concentration-dependent manners. In all time points, treatment of preservatives showed a reduction of viability in NPCs at the highest concentrations: 1,000 nM for benzalkonium chloride (Fig. 1A) , and 50 μM for diazolidinyl urea and imidazolidinyl urea (Fig. 1B, 1C ).
All tested preservatives induced apoptotic cell death in cultured NPCs
Results from MTT assay reflect mitochondrial function including proliferation and apoptosis, and to support the primary results of negative effects on cell viability, we performed PI staining to detect apoptosis markers. We determined whether benzalkonium chloride, diazolidinyl urea, and imidazolidinyl urea have apoptotic effects on NPCs using the highest dose that induced reduction of cell viability in MTT assay. Interestingly, all three preservatives induced significantly increased PI-positive cells (Fig. 2) suggesting an apoptotic effect of these preservatives in NPCs.
Since only a few studies have demonstrated the toxic effects of these preservatives on NPCs viability, we further performed a time-lapse imaging technique using IncuCyte livecell analysis system to verify cytotoxicity effects. As shown in Fig. 3 , benzalkonium chloride, diazolidinyl urea, and imidazolidinyl urea-induced time-dependent cytotoxicity in NPCs at the maximum concentration. A correlation was observed between live-cell cytotoxicity analysis and PI staining results suggesting a negative effect on NPCs survival.
Preservatives treatment induce ROS generation in cultured rat NPCs
Releasing formaldehyde has been reported to induce overproduction of ROS (de Groot and Veenstra, 2010) , an inducer of apoptotic cell death, leading us to measure the ROS in preservatives-treated condition. ROS generation was measured to investigate the toxic effect of preservatives in cultured NPCs. We selected the dose which induced apoptotic cell death in the previous experiment. Both benzalkonium chloride (1,000 nM), diazolidinyl urea (50 μM), and imidazolidinyl urea (50 μM) treated cells showed 9-fold increased ROS generation in cells than the vehicle-treated group (Fig. 4) . Therefore, the effect of ROS generation by these preservatives may correlate with the results on cell viability.
Apoptotic protein expression
To further confirm whether benzalkonium chloride, diazolidinyl urea, and imidazolidinyl urea have individual effects on cell death, we checked the expression of apoptosis-related proteins through Western blot analysis. Activation of caspases play essential roles in the execution phase of apoptosis and caspase-3 interacts with many of the currently known caspases. Cleaved caspase-3 protein expressions were increased in all the preservatives tested but only significant in imidazolinidyl urea (Fig. 5) . Cleaved caspase-8, which interacts with cleaved caspase-3, was also highly expressed in cells treated with all three preservatives of interest. Overall, the results suggest that the three preservatives under investigation could induce cleaved caspase-3 and caspase 8 expressions, presumably by ROS generation resulting to apoptosis in NPCs.
DISCUSSION
In this study, we investigated the effects of preservatives on NPCs, which have important roles in the developing brain. suggest the potential detrimental effects of preservatives in the developing mammalian brain. Risk assessment studies of preservatives had been conducted in previous studies. While dermal and eye irritation toxicity studies were frequently performed, experimental data are scarce on the effects on neural cells such as neuron and NPCs. In this study, we focused on the effect of preservatives in cultured NPCs which have important roles in the developing brain. Neural progenitor cells (NPCs), also called neural precursor cells, are a population of cells derived from embryonic brain stem cells that can be recognized due to their specific morphologic characteristics. These cells can differentiate into diverse CNS cell types including neurons, astrocytes, and oligodendrocytes (Fisher, 1997) . NPCs have essential implications for the treatment of neural dysfunction. We chose this cell type to identify the possible effects of preservatives examined in this study during embryonic development. Embryonic period is highly crucial for the development of the immature fetus. At this stage, various environmental factors can give rise to the increasing prevalence of many neurodevelopmental disorders. With the lack of in vitro study in this area, we wanted to explore the potential outcome of preservatives exposure using the cultured rat NPCs. We used three cosmetic preservatives including benzalkonium chloride, diazolidinyl urea, and imidazolidinyl urea and found benzalkonium chloride decreased cell viability and induced apoptosis at low concentration in NPCs. Diazolidinyl urea and imidazolidinyl urea also showed similar effects.
All three preservatives decreased the NPC viability in a time and concentration-dependent manner. Remarkably, diazolidinyl urea and imidazolidinyl urea severely decreased the cell viability, similar to hydrogen peroxide, 24 h after treatment. In addition, these chemicals induced time-dependent cytotoxicity as detected by PI staining. Furthermore, the preservatives increased the ROS production and apoptosis marked by caspase-3 and 8 activations. It seems apparent that the preservatives have caused apoptosis by ROS production, which is rooted from mitochondrial dysfunction. However, it is yet to be uncovered whether these preservatives induce cell death by autophagy pathway as well.
The apoptotic effect of preservatives in NPCs potentially raises the concern as to whether they are safe to use in cosmetic products, especially for pregnant women. To our knowledge, the neurotoxic effect of preservatives in the developing brain has not yet been studied. Interestingly, the use of products containing diazolidinyl urea and imidazolidinyl urea during pregnancy is said to be avoided mainly due to the concern for its effect as a formaldehyde releaser, which induces overproduction of ROS and cancer (de Groot and Veenstra, 2010) . In water-containing cosmetics, formaldehyde release is not only increased by pH and temperature rise but also in longer periods of storage (Cosmetic Ingredient Review Expert Panel,1980; SCCNFP, 2002) . In addition, benzalkonium chloride increases the intracellular ROS in human corneal epithelial cells (Wu et al., 2011) and induces corneal neurotoxicity in vivo and in vitro (Sarkar et al., 2012) . Based on the Cosmetic Ingredient Review (CIR) Expert Panel, up to 0.5% of benzalkonium chloride and 0.5% of diazolidinyl urea (Cosmetic Ingredient Review Expert Panel, 2008) are safe, but the assurance of safety from repeated exposures still needs to be determined. Imidazolidinyl urea-induced slight toxicity to the fetus of albino mice treated from day 6 to 15 of gestation (Cosmetic Ingredient Review Expert Panel,1980) . Because cosmetics are used in a long-term and repetitive manner, the safety of preservatives in cosmetics should be determined based on chronic exposure to avoid the possible neurotoxic effect by ROS overproduction.
The other concern about the use of preservatives is the penetration of placental barrier and blood-brain barrier. Absorption profiles of benzalkonium chloride by skin application in rats skin were 16% and 14%, in male and female, respectively (SCC, 2000) , but the absorption profiles of imidazolidinyl urea and diazolidinyl urea are not yet reported. Moreover, the penetration activities to the blood-brain barrier are also still unknown in all preservatives. These preservatives including benzalkonium chloride, imidazolidinyl urea, and diazolidinyl urea have potential acute health effects in case of skin contact (irritant, sensitizer), eye contact (irritant), ingestion and inhalation. Additionally, these materials cause potential chronic effects in case of skin contact (sensitizer) and may be toxic to the eyes. The MSDS warns that repeated or prolonged exposure to these materials can produce target organ damage. These materials exposed by eye contact and inhalation can induce neuronal cell death as well as neuroinflammation through glial activation. The increase of neuroinflammation can break down the BBB, which subsequently allows more toxic substances to pass through. The lymphatic system, a functional waste clearance pathway of the CNS, may also be impaired after inflammation and/or brain injury (Weller et al., 2009; Sun et al., 2017) . It was reported that triclosan, a commonly used antimicrobial agent and preservative, may cross and accumulate in the brain (Geens et al., 2012) . Imidazolidinyl urea and diazolidinyl urea are formaldehyde releasers. Formaldehyde is a well-known neurotoxin that affects learning, memory, and behavior. It can be a threat to the central nervous system by entering the blood and crossing the blood-brain barrier and ultimately reach the brain (Tulpule and Dringen, 2013) . In healthy individuals, the formaldehyde concentration in the blood is around 0.1 mM (Heck and Casanova, 2004) and in the brain is 0.2-0.4 mM (Tong et al., 2013) . A low excess of formaldehyde will be quickly cleared. However, exposure to high concentrations of exogenous formaldehyde could exceed beyond the normal tolerable concentration in the blood and could cause neuronal damage. Undoubtedly, exposure to exogenous formaldehyde has been reported to cause neurotoxicity in various systems depending on the dose and the exposure duration (Kilburn et al., 1985; Songur et al., 2010) . Toxicity studies of preservatives and chemicals should also include penetration studies to the brain especially in the developing embryo.
In our experiment, preservatives induced NPCs apoptosis by overproduction of ROS. ROS, a normal product of oxygen metabolism, is required for cellular homeostasis and signaling, and their level is maintained by balancing between generation and scavenging. In contrast, ROS promotes cell survival by activating the PI3K/Akt pathway in normal condition but overproduction of ROS damages mitochondria that result in cell death. In the brain, ROS-induced oxidative damage decreases proliferation of NPCs through aerobic glycolysis preference and oxidative phosphorylation repression. (Paik et al., 2009; Yeo et al., 2013) . This process may compromise the defense mechanism of the brain by the induction of ROS-induced senescence and cell death in NPCs (Davalli et al., 2016) .
Environmental factors are reported to increase the risks of neurodevelopment disorders including autism spectrum dis-orders and ADHD. The prevalence of autism has increased in recent years and potential toxins from the environment that induce oxidative stress could be one of the etiological factors. In the current study, the three preservatives seem to induce oxidative stress through the production of ROS in NPCs. The wide use of preservatives in many cosmetics raises the importance of the assessment of preservatives on possible neurotoxicity in a developing brain. Experiments to test the safety or toxicity of preservatives using human embryonic or induced neural stem cells would be better option to assess the potential neurotoxicity of cosmetic ingredients in humans. Because these preservatives are widely included in several products, combined exposure may increase the risk of neurotoxicity. Therefore, potential health threats of combined use of similar ingredients should be considered in the future.
In this study, we presented the potential effects of benzalkonium chloride, diazolidinyl urea and imidazolidinyl urea in the primary cultured rat NPCs in vitro. Especially, we investigated the effect of preservatives on NPCs derived from embryonic day 14 of gestation, which is a critical period for the development of the immature offspring. Obviously, their potential neurotoxic effects in vivo and in human should be assessed in the future studies along with determining their pharmacokinetic and blood-brain barrier penetration properties.
